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PREFACE

This project is the responsibility of the Chemistry Laboratory's

Physical Organic Chemistry Group in the Physical Sciences Division of

Stanford Research Institute. Project organization and principel con-

tributors to the technicai work are:

Program Manager: M. E. Hill

Project Supervisor: T. Mill

Low-Velocity Detonation: R. W. Woolfolk

Physies aAid Chemistry of

Detonation: R. Shaw

Static High-Pressure and

Kinetic Effects: D. S. Ross
L. W. Piszkiewicz

P. S. De Carli

R. Shaw
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SU1INARY

Physics and Chemistry of Detonation J

The high-speed streak camera has been moved successfully from

Calaveras to Corral Hollow Experimental Site (CHES). A calibration shot

at CHES with nitromethane gave results similar to previous shots at

Calaveras. The smooth-shock reaction time for liquid methyl nitrite
at 10 atm with a preshock temperature of 25 0 C was found to be 1.15 "isec

for a shock pressure of 57 kbar, about 26 kbar less than for the same

reaction time of isomeric nitromethane. This is the biggest difference

in shock pressure (at constant reaction time) measured for two isomers

and is attributed to the 17 kcal/mole difference in bond dissociation

energies of the weak bonds ot the two isomers.

Interesting differences in shock initiation were found for dinitro-

alkanes. The shock pressure required to give a I jisec reaction time

was about 89 kbar for 1I1-DNE and 100 kbar for lI-DNP. We also found

an a-hydrogen effect on shock initiation. At a preshock temperature of

60 0 C, the reaction time of l,I-DNP was 2.2 usec at 91 kbar, whereas the

reaction time of 2,2-DNP was greater than 4 usec (failed to detonatu)

at 98 kbar. At a preshock temperature of 25 0 C, the reaction time of

1,1-DNE was 0.8 4sec at 90 kbar, whereas the reaction time of l,l1l-FIDNE

was greater than 4 4sec (failed to detonate) at 9u ktar. In both these

comparisons, namely, 1,I-DNP versus 2.2-UtNP, and .,I-DNE versus l,l,l-FDNE,

the compound with no i-hydrogen wa. less reactive then the compound that

had a hydrogen atom a to the dinitro group.
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We have recorded detonation failure waves of I,I-DNP using the

previously developed brass cone technique. The gross features of the

imprints are sioilar to those observed for IBA.

We previously discussed a "universal" Hugoniot for liquids, that

had the form,

US/c. = 1.37 - 0.37 exp [-U3 U /Co3 + 1.62 up/cO

where U is the shock velocity, u is the particle velocity, co is thes p

sonic velocity, and u. is a constant. The value of u3 is thermodynamically

related to the variation in the speed of sound and the variation of

specific volume with pressure close to atmospheric pressure. We have used

data from echio-sounding tables for pure water, together with p-v-T data,

to evaluate the necessary derivatives graphically, and obtained a value

for u. ~ 2. Some shock wave data on glycerin obtained by Dr. D. Erlich

of SRI on another project suggest that ui 3  I to 2. We suggest that a

value of u3 = 2 is consistent with both sets of data.

Low-Velocity Detonation

TIGER equilibrium calculations were made on the difluoraminoalkanes

and were compared with values for dinitroalkaoes that were previously

reported. The comparisons Ahow that the energy release of those systems

containing C-11-O werf greatly dependent on the temperature and pressure,

while the systems containing fluorine showed little variation. This is

due primarily to the stabiliLy of II|' in relation to other fluorine con-

taining compounds.

The correlation between the low-velocity detonation (LVT)) gap

sensitivity and the ratio of the heat of reaction to heat of vaporization,

AH /AHi , gives a qualitative ordering of the compounds so far tested.
r v
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This correlation does not differentiate between the dinitroalkanes.

Therefore, factors other than kinetics and heat of vaporization must be

important to the LVD behavior of the dinitroalkanes.

Experiments for measuring the pressure field in an LVD liquid as a

function of time have been started. This technique uses manganin gages

to record the pressure in the 0-20 kbar range. We hope this technique

will enable us to relate the energy in the liquid and in the container

walls to LVD propagation.

Static High Pressure and Kinetic Effects

Static high-pressure (SliP) experiments at 10 kbcr on several dinitro-

alkanes with and without a-hydrogens show that, ns in reaction time measure-

ments, a compound with an (.-hydrogen (I,I-DNP) is more reactive than those

compounds without (l,±,!-FDNP and 2,2-DNP). The reason for the shorter

explosion time for 1,l-DNP is not clear. i,l,l-FDNP shows a very sharp

increase in explosion tim. on going from 2450 to 228
0

C, similar to that

found for nitromethane (NM) at I khar.

Studies of the very low-pressure pyrolysis (VIPP) of dinitropropanes

are completed, and the products of these decompositions indicate that

!here are two processes. For the nongeminate dinitroalkane, 1,2-DNP,

the sole products isolbLed are the nitroolefins, 1- and 2-nitropropene.

Thus this compound behaves like a simple nitroalkane and undergoes five-

center elimination of HONO. The gem-dinitroalkanes, on the other hand,

l,l,1-FDNP, 1.1- and 2,2-DNP, undergo initial C-N scissiu,., fullowed b)

migration of oxygen from nitrogen to carbon to give propionyl fluoride°,

propionaldehyde, and acetone, rmz.nectively. tA-scission competes with

0-migration in the cases of 1,1- and 2,2-INP.
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I INTRODUCTION

Under the sponsorship of the Office of Naval Research (ONR), Stanford

Research Institute is studying the fundamental sensitivity properties of

liquid high-energy materials in order to define the minimum number of

physical and chemical parameters of the system needed to predict de-

tonation sensitivity. In this work we have been concerned primarily

with: (I) detonability of the liquid phase, i.e., whether it will

support a detonation wave, and the failure diameter for detonation;

(2) the necessary conditions for initiating detonation and whether ease

of initiation is related to structure; and (3) the mode of decomposition

of the chemical structure and the relationship of the initial decomposition

stops with the phenomena of (1) and (2).

In pre-iouus work on this contract, these relationships were studied

with isomtric difluoraminopropanes and butanes. and we are nt' studying

nitro compounds in the nnalugou• isomeric propane series anti some ethane

homologs. Thus a di~rect comparison between the two high-enot-. groups:

that are of nu.t intrv.st at present can be made, and basic knm'ledge

can be obtained on the initiation and propagation propertlet of model

liquid nitroallphatc Plasticizersph

"i'hiý; Pr-ogram cou.sists of thrve primary tasks.

A. Phystc.s and Chiemistry of Dtton..tion

The ultimate ob.ective of studies of the physics and chemistry of

deontmaion (ýýctitm 11) 1,4 to correlate transient detonation phenmen.a,

such as shock initiation and failure behavior, with the mude of decom-

.itanford Research Institute Project 4051, Final Report, "Scn iti~itv

Fundamentals." Mlay 15, 1970.
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position. This objective involves: (1) measurement of failure diameters,

(2) study of events in the liquids as shocks of various magnitudes enter,

and (3) measurement, evaluation, and corrlation of physical and thermo-

chemical properties.

B. Low-Velocity Detonation

The objectives of this program (Section i11) are to deterrine under

which conditions LVD will initiate and to relate this initiation to the

chemical and physical properties of the materials. By comparing two

classes of materials (i.e., the difluoramino and dinitro compounds)

with such widely different thermochemical and kinetic properties, we

can ascertain those factors that influence LVD initiation.

C. Static Hfigh-i'ressure and Kinetic Effects

Section IV of this research effort comprises a study of the decom-

position behavior of shock-sensitive liquids at very low and very high

pressures including measurements. of reactioi •times at pres~tares and

temperatures compar-able to those encountered in initiating thocks; and

attempts to describe a relationship between detonation phenomena and

chemical me-hanism, including the elementary rate steps.

2
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II PHYSICS AND CHEMISTRY OF DETONATION

(Robert Shaw)

A. Introduction

The objective of this part of the research program is to improve

the understanding of the physical and chemical processes that occur in

two transient detonation phenomena, namely, shock initiation and de-

tonati.on failure. We have used a three-fold approach: (1) experimental

observation of the phenomenon itself (for example, smooth-shock reaction

tize measurements for sho-k initiation, and brass imprints for detonation

failure) , (2) ttstiig of models (homogeneous tbermal explosion theory

for shock initiation, and Dtr-min's theory for detonation failure), and

(3) obtaining input data for the models, such as calculated shock

temper:%tures.and kinetics of heat-r-eleas ing chemical reactions tit knon

temperatures and pressures as close as possible to detomation conditions.

During the present report periot we have obtained somu Interesting re-

"suits on iv'ems (1) and (3) and plan to devote a major part of the next

ptriod to itetm (U).

it. Measurovznt .4 Smootb-shock 11racti-i Times

:Thie high-speed caawra uas moved successfully from Calavcra- to

Cnrral Hollo Expertient Site ((MES). A test shot at CitES wilth nitrt.-

methane (SN) at a preshgock tem.|-ratisrtr of 25
0

C ltavf a s•-.i.th-.ýht'k re-

action timr ofr t1.45 ltsec at a shock pres.sure o'f 185 kbar. compared witat

a shock reactl in lime of 4.7K w,•te ptledicted by pre'ioux shot, at (blacras

(see Figure 1).

3
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The results of smooth-shock reaction time measurements obtained at

CHES during the last report period are given in Table I.

Table I

SMOOTH-SHOCK REACTION TIMES FOR NITROALKANESA

Preshock Peak Pressure Peak Pressure Reaction Time

Compound Temperature in Attenuator in Liquid

(
0
C) (kbar) (kbar) (isec)

Nitromethane 24 1C4 85 0.98

Methyl nitrite 25 72 57 1.16

I,I-DNP 25 109 99 1.61

I, -DN'P 26 104 95 Failed (>4)

II-DNP 60 100 91 2.15

2,2-UNP 60 1,07 98 Failed (>4)

l,1 . 1-FDIE 25 99 89 Fai led C-4)

1, 1, I-FRVE 25 107 97 Failed (ý4)

0 Measured at CHES.

One of the basic ideas in this program is to use Isomers that have

similar physical properties so that differences in behavior can be

attributed to differences in chemical structure. Nitromethane has no

geometrical somner, but one of its structural isomers is mvth)l nitrite,

C1•30O0. "1he properties of methyl nitrite are compared with those of

n'rointhane it Table 11.

• 5



Table II

COMPARISON OF PROPERTIES OF METHYL NITRITE AND NITROMETHANE

Compounds Methyl Nitrite Nitromcthane Ref.

Structural Formula CH3 ONO CHNO2

Arrhenius parameters for gas-phase

Thermal Decomposition:

A-factor/(sec-') 1016 1015.r I

Activation energy/(kcal/mole) 42 59 1

Gas-phase thermodynamic properties:

AHW (298)/(kcaI/mole) -15.6 -17.9 1

S°(298)/ (cal/(mole-deg)) 72.3 65.8 1

Cu (298)i (cal/(mole-deg)) 15.4 16.8 1P

Heat of vaporization/(kcal/mole) 5 9.2 2,3

Heat of formatioa of liqjuid,'(kenal/nuile) -20.6 -27.1

Bet iie poinar(
0

C) -12 I01 .4

Melting point/Q(C) -17 -29 -I

The compounds have similar thermodynamic properties, but the kinetics (f

decomposition are very different because Of differences in bond strvngth,

D(CdI10-NO) - 40 kcal/mole and D(a1 3 -NO,) - 60 kcal/mole. The only problem

with methyl nitrite is its volatility. In previous work,,' this was over-

come by working at very Iom temperatures (see Figure 2). However, thlis

approach led to olher problems such at the possibility of freezing the

methyl nitrite, and it made difficult a co•marison with ambient temper-

ature results. Therefore, we uskd the alternative approach of working

at higher pressures. The vapor pressure of methyl n0'rite at 25C is

6
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about 10 atmospheres. This is still negligible compared with shock

pressure and is reasonable for making a reaction cell .ssembly. The

experimental arrangement is shown in Figure 3 and was described in the

last report
6 

on this contract.

It should be pointed out that the geometry of the shots is such that

quenching rarefactions destroy the initiating pressure wave after about

3 to 4 "sec. A "failure" therefore places a minimum reaction time of,

say, 4 psec at that pressure and places a limit on the position of the

reaction time/pressure plot in that region. In several of the dinitro-

alkanes experiments for which we are still gathering data, some of the

slopes of the reaction time/pressure plots have been sketched in (dotted

lines) on the basis of our previous experience with the general shape of

reaction time/pressure plots.

In a previous experiment 6
, when the attenuator thickness corresponded

to a peak shock pressure of 45 kbar in the liquid methyl nitrite, there

was no initiation, giving the lower limit in Figure 1. In an experiment

recently completed using the high-pressure (I0 atmospheres) reaction

cell", the smuoth-shock reactton time for liquid methyl nitrite at a p'-,-

shock temperature of 25"C was found to be 1.15 "sec for a shock pressure

of 57 kbar(Figure 1), that is about 26 kbar less than for the same re-

action time of the isomer nitrometh;,ne. This is the biggest diffee•vnce

in shock pressure (at constant reaction time) measured for two isomers

and is attributed to the large difference in bond dissociation energie.s

of 17 kcal/mole (Table 11). The experiments on methyl nitrite arc now

comple ted.

In the dinitroalkane series, some interesting differences in shock

initiation have become apparent. Comparing l,l-dinilroetbune (1,1-1)Ny)

and I,I-DNP, which differ by only a methylene group, the shock pressure

required to give a l-sec reaction time Is about 89 kbar for 1,1-DNt: and

• I:8
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100 kbar for l,I-DNP (see Figure 4). This difference in shock reactivity

is in line with intuitive expectations, but is in contrast to the difluor-

aminoalkane series where 1,2-bis(difluoramino)propane (1,2-DP) and

1,2-bis(difluoramino)butane (I,2-DB) were almost identical.'

Another interesting currelation is the so-called a-hydrogen effect.

At a preshock temperature of 60
0

C, the reaction time of 1,1-DNP was 2.2

psec at 91 kbar, where the reaction time of 2,2-DNP was greater than 4

psec (failei to detonate) at 98 kbar (see Figure 5). Similarly, at a

preshock temperature of 25
0

C, the reaction time of l,l-DNE was 0.8 Psec

at 90 kbar, whereas the reaction time of 1,1,1-FDNE was greater than 4I

psec (failed to detonate) at 97 kbar (see Figure 6). In both these com-

parisons, namely, I,I-DNP versus 2,2-DNP, and 1,1-DNE versus 1,1,1-FDNE,

the compound with no a-hydrogen was less reactive than the compound that

had a hydrogen atom a to the dinitro group.

Finally, the results for methyl nitrite and 1,l-DNP show that in-

creasing the preshock temperature reduces the shock pressure required for

a given reaction time (see Figures 7 and 8). This is In line with previous

observations
5 

and is attributed to an increase in shock temperature as

the preshock temperature is increased.

C. Detonation Failure

One of the unexplained features of detonation failure is a model that

will satisfactorily explain the features of dark waves. In the hope 01

understanding the subject, we have begun to make dark wave experiments on

dinitroalkanes. In some previous work with difluoroaminoalkanes
7

, we

recorded imprints of failure waves on a brass cone (see Figures 9 and 10)

using 1,2-bis(difluoroamino)-2-methylprnpane (I11A). In massive lead

confinement, IBA had a failure diameter of 9.5 mm. In the same lead

S1,1-DNE is balanced toW C I, 020, and N., whereas l,l-DNP is fuel-rich.

Thus the amount of heat released per cc of I,1-DNE will be greater than

that for I,I-DVP.
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block apparatus the dinitroalkane with the closest failure diameter was

l,I-DNP (11 mm). We therefore chose 1,l-DNP for the brass cone experi-

ments. The resulting imprints using l,1-DNP arc shown in Figure 11 and

12. The gross features for 1,l-DNP are similar to those observed for

IRA, as might be expected because the gross physical properties of

I,l-DNP and IBA are similar, but a detailed explanation of the fine

structure is still unavailable.

?D. "Universal" Hugoniot for iUquids (with M. Cowperthwaite and

R. W. Woolfolk)

In the 1970 Final Report.
8 

we discussed a "universal" Hugoniot

for liquids that had the form

U /c, = 1.37 - 0.37 expc-uu p/c. + 1.62 u p (1)

where V is the shock velocity, u is the particle v-elocity, c, is the5 P

sonic velocity, and u 3 is a constant. In Ftgure 13 the experinental

data are shown along with three curves that correspond to u, 5 m , and

1. The value of u, a In wag used in shock temperature calculaticms be-

cause (1) it simplified the calculations, (2) we found that the values

of shock temperature were not very sensitive to the value of u., and (3)

the exact value of ul was not known. However. u. can not be Infinitie

because in the limit, at u Us t- c a0 . Bly observation of Figure 13.
p

it appears that the value of u. should be -: 5. We have used twn approaches

to obtain a value for u.. The first is based on thermodynamic reiatimns

of the Hugonlot and the isentrope, and the second is the direct experi-

mental determination of the form of the Hugonlot in the region of 0 to

10 kbar.
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The thermodynamic approach is as follows. Transposing c in equa-
0

tion (1) and differentiating U with respect to u
s p

dUS~S
=du -0.37 u3 exp[-U 3 U /Co. + 1.62 (2)

duP
p

when u -. 0,
p

dU
. 0.37 u, + 1.62 (3)

du
PO

that is,

3- 1.2 /0.37 (4)u d s 1. 6)

The problem is thent to find IJ ./dup. At p oit con be shown from

thermodynamics that

(dU>

*du 4c U
\P 0 8

Now

And lifferentiating wvith rspect to v.

NVN 2c1
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Further,

(LC = (-C 'UC")( ý (8)

s p v

p L p~ vP s

pp

It (Oct/v) and (&v/6p) were known at p = 0, substitution into equations
p

S(1), (7), (5). and (4) would yield a value for ua. We have used data

from echo-sounding tables for pure water," together with p-v-T data, "° to

construct a graph of the variation of sound speed with specific volume at

pressures of 1, 50. 100, and 150 bar (see Figure 14). At p 1 bar. T

25
0

C, c = 1493 mr/sec. from the rraph,,(t) At" ; 1.027 x 10"g/

(sec cm2). Similarly, from the graph, at constant c 1493 ml/s-c. the

following values of p and v were read off:

p V

1 1.00295

0.00325

S50 0.99970

"0.00290
S100 O,990IO

0.00275

150 0.99405
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Extrapolating to p = 1, we obtain

(.) r(AP) -7 x 1011 cm
5/(dyne g)C C

Substitution of c = 1.493 x i05 cm/sec, v = 1.00295 cm
3
/g, (av/p)c =

-7 x 10-11 cm
5
/(dyne g) and (5c/tv)p = 1.027 x 106 g/(sec cm

2
) into

equation (11) gives (ýc/.v) = 5.66 x 105 g/(sCc cm
2

). Substitution

into equation (7) gives (a
2
p/3v

2
) = 2.12 x 1011 seC

2
/(g

3 
cm-7

); substi-
5

tution into equation (5) gives (dU s/du = 2.40. Finally, substitution

into equation (4) gives u3 = 2.1.

The region of Figure 13 close to the origin has been replotted as

Figure 15, using equation (1) and values of u 3 =, 10, 5, 2, 1, and 0.1.

Also plotted in Figure 15 are two experimental Hugoniot points for glycer-

ino, obtained by Dr. D. Erlich of SRI. Until further data are available,

we conclude that a value of u, = 2 is consistent with results of the cal-

culations on water and with tike experimental data on glycerin. In other

words, equat ion (1) becomes:

U /c 1.37 - 0.37 expr22u /col + 1.62 u /c (12)

E. PulW icat ions

The following papers rusulting from this work thave been accepted

for publ icat ion or present atn-n:

1. "ll'at Capacities of Some Dinit roalkaiies," W. E. liobbin:s

and It. S•n.1, J. Chem. Thermodlynaimics.

2. "'Thermal iDecoimposition of Ni roimtlianti and Somk, liinitro-

alkanes ao Stat ic Illgh Prussurt, of I to) 50 kbnr." E. L.

Lee. II. D. Stromberg, P. S. DoCarli, 1). S. Ross. and It.

Shaw. Western States Section of the Combustion Institute

Spring Meeting, Seattle, 24 to 25 April 1972.
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F. Future Work

During the next few weeks we plan to extend the shock initiation

and static high-pressure experiments on the dinitroalkanes with empha-

sis on the a-hydrogen effect. During the summer we plan to devote more

attention to the problems of dark waves and IDremin's failure diameter

theory.
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III LOW-VELOCITY DETONATION

(R. W. Woolfolk)

A. Introduction

This part of the Sensitivity Fundamentals program deals withi the

occurrence of low-velocity detonation (LVI)) in model dinitroalkanes that

are relate.' to useful high energy plaettccizers. In particular, we are

studying thu relationship between chemical structure and LVII sensiti%:itY.

Our recent. efforts have concentrated on those chemical and phiysical pro-

perties that influence thle TXDt gal) sensitivity of materials. especially

the theracidYnamic and kitietic properties.

LVII is defined as a reaict-ton wave propagating at a vvlout ic super-

sico c with re.%pect toi the unrvacted liquid slower th~n a conivent io.11al

highi-veltx-i Iv detoncat ion (11VI)) . We tidc'icye !hat ticc LVII wave . prvpa-

gating in a cavita.tcci fluidl and thtat tilt- p'rothdct con of tctii. ý-cvicicaion

i o an Import ant p)roces~s In th livIn t i at Iion anti propaizat iton of LVIM, Comn-

pared with 1111). t 1w 1.11) prtoveic& tis a far mnove VLplV.X phenom.enon, which

indtcatesp why aI cluant &tat iie. -.kdel for LMI icaz yet to tit: aostigetd.

lu c(cir satudies of LI) we have ussed tOodal rompoundsi ard are ecirrvac I'

woricinx an the dinitrccalkancs. Tht,~ MI) behavior or t lit din itropropaiteic

anld the diniht riot'hanvv are ~n markecd coit raiit t- thpci r loa-prvcs.%cre itrac:-

tion rates. Thec propanes. 1. l-tiP andi 2.2-1iP. canno~t he initiated to

LII in our tent~s. btot 1. I-iiNI van. Sint'v we h~ave szcown' in scur 16w'

presiorv uxticrimp't iti 4caý litese dini troalk lanes have rtilist ant calktty i

sane rate paranctrrs for dercomcpositiocn. viy 'planat iof fo)r d1citcitersv

LVII t'c-hav~Or Lqust lie elsewhere.

Biecause of thu need to produce cavi at ion ahead of tuer react Ioni rcone.

the energy requcirement in LVIM propalkilcon maa I~c greater than thaut rultitcc-ed

for a rtunvent conal detoniatilon Therefoire, we have been examc Ing the

2$



energy release expected from an LVI] reaction and comparing this energy

with LVI] behavior to determine if there is a minimum energy required for

the propagation of LVD. To estimate thc available energy, we have been

using TIGER, a computer code designed for thermodynamic and hydrodynamic

calculat ions at high pressures. We have also begun work on pressure-

time relations in L%1).

B.TIGER Calculations

The TIGER program calculates not only the amounts of all important

equilibrium products at a destred temperature and pressure but also selets

which of the possible product, arec present at equilibrium providing thle

product is; listed in the program library. Thub. C1% isi not nni iimpErtant

equilibrium product frio' MA tunder any conditions *-5ett in t!,: aidculIation

(Figure 17).

Tile TIGERI st oii es !uave been extended !, i.wld tilt d.I oii i

a Ikancs prey ioaýIY SttOiliv(1 andti. .I-floo nI orpn FN 'Ac.

wuntted to compare toe energy release for all1 these, materiaI4s anti to studyv

now the product 1iit riibut ion chang~ed witi! pregsur.- and tivrpvraturv. We.

v-stiimat ed thait t he IVI rvatielion wouild take p lace, %il the lii to tlkbar

rvgiton anti in the tetolicrature rative 11400U to 3ljtVu'F (more v k1 it) t he

ranizi lO000 to 2000"iiK). jFcuresl It; t hr-uOgh 20 i-how the rquii bri on pros-

duct dlistribut ion aN valcul at" ed y TIGER for 1 .2-1111. MA.I Ihi;*II

LISP. andti *1 ~~ Turbe results, arc all at 20) hhar. For Conptiri-,on

Ficure 21 and 22 show ti, 1W eresptindlilL distrihiiti,"n at 10) khun fr MAL

and I -. (.A comparison (of tb hi' gores for I, I-VNF ant! lILA fhist, i.4nt

thr effects of pressture ate -ierv slight. In the diifluo:,apiao --ase. tcna

peraturv al so has littl Ic ffect on t ilt gproduitit disiatrihut ian. ForI I-tN

and,. in fact. for all ;dtnutrwialkanest thurs far nttuttvd. tile variatison of

products4 with tizfperature is muchi greater titan with presstiure in tile ranizer

of initerest.
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r
An examination of the results of the TIGER calculation shows that tile

presence of fluorine in the material has a strong effect on the change of

energy release with temperature. Because HF is so stable compared with

other fluorine-containing products, changing the temperature does not shift

its equilibrium concentration as it does for H-C-O systems. Table III

lists many of the compounds for which we have estimated the lheat of reac-

tion using TIGER. We have also tested most of these materials for LVD.

In Table III we have calculated the ratio of the heat of reaction, all
r

to the heat of vaporization, AHv. We have felt for some time that because

cavitation plays an important role in LVD, Alv should also be an important

parameter. In the past we have tried to correlate on a quantitative basis

the LVD gap sensitivity with the ratio ?tl /rllv, and as we pointed out in
r

the last report,.' the correlation was not able to differentiate between

l.,-DNP and ll-DNE, whose LVI) behavior is very diffirent. However, when

we compare the ratios as s;,own in Table III with the L.I sensitivities ai

pattern does omerge. Table IV lists the LVI) gap seiisitiviticS of these

materials and their values of &H /Z!.1 as esttmated b%, TIGER.

At 20 khar and 200
0
"K. the ratio ý.l /Lti Shows the followilng order as

seen itt Tables II1 and IV: NM o? lIl-I)N'P-: -,1I-NE -.K EN -. IlIA - I,.-t'P -.

2,2-DP. Witlh tile exception tif EN, which %,n less sentsitive thidn II-ONE,

this is the same order as the LIM gap sensititity. The small difference-

in ll /ILH for 1.1-UNP and 1.1-lXNM means thai other factors must determine
r v

LVI) gap sensitivity in these material!,. Wei know from our loo-pressure

gas-phase kinetic studies that these two materials react at tile lae rate.?

Therefore, the explanation cannot lie with low-pressure initiation kinetics.

The static high-presiure studies have not yet been completed on 1.1-lINE. so

we do not know if it will react faster than 1,1-D.4P at high pressure.

Because this boundary between no LVI) anti L%1) for 1,1-IXNP mnd .i1INE

exists, we should be able to fend a mixture of these compounds for which

LVD) will occur and by using TIGER, estimate tlie energy of that mixture.

37



Table III

CALCULATED ENERGY RELEASE FOR SELECTED COMPOUNDS AT 20 kbar

Density AI ( 2 5 0 )a Temp AH
Compound (250) v rem 4Hr'LH

(g/cc) (kcal/mole) (°K) (keal/mle)

NM 1.13 9.09 1000 -88 9.7
NM 2000 -74 8.05

1,1-DNP 1.254 14.9 1000 -182 12.2

1I1-DNP 2000 -162 10.9

1,1-DNE 1.355 13.9 1000 -175 12.1
I,I-DNE 2000 -155 11.1

ENl, 1.10 8.7 1000 -121 13.8

EN 2000 -111 12.8

IDA 1.213 8.9 1000 -223 25.2

liA 2000 -225 25.0

14-UP 1. 265 7.9 1000 -225.5 2,.3
1.2-DP 2o00 -225.5 2$.3

2,2-DP 1.254 7.0 1000 -225.5 32.2
2,2-UP 2000 -225.5 32.2

I1 .1. I-FVON 1.328 13 est 100o -201.2 I 13.4

.:2000 -180.8 I 12.0

a. Obtained from the vapor pressure curves.

b. Estimated from 1.1-UNP using group additivity.

c. ELN - ethyl nitrate.

d. Estimated from 1.1-MNP.
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Table IV

LVD GAP SENSITIVITIES AND LHr/IHv AT 2000
0

K AND

20 kbar FOR SELECTED COMPOUNDS

Compound /Hr IH LVD Gap Sensitivity

__( (cm Plexiglas)

NM 8.05 No LVD

1,I-DNP 10.9 No LVJ

a or b
1,1-DNE 11.1 6.4-8.3

a or b
EN 12.8 3.0-3.8

IBA 25.0 16-17a or b

a
1,2-DP 28.3 30-40bb

91-127

b
2. 2-UP 32.2 >180

1,1.I-FXVP 12.0 est. Not yet tested

a
Without witness p)late.

Wilth witness piste.

Thit may givet us all isizight as to thl" validity of tile hypotvhel.s tof a

crit i-al energy for L0).

We have Included the ct-tiatced value I' I- 1..1-FIN' where an Y atom

has replaeed an 11 atom. lBecause of the staitllitt anti onergy co'ntenlt of

-' HF1 I, 1. -Fmp Oives a higher 1.11 than. i-IiNP. If oor hypotiesilt abhout_• r

critical energy is valid, it means that 1.1.l-F|)NP digia cshihit |VD) if

other factors are equal. The |IVI) failure di:ameters of these two malertals

are very similar.7 We did not have cnoug:h lI,11'iNP available to deter-

mine either its IIVAI) reaction tine or LI) sensitivity. Therefore, we Could

not compare these parameters 49 we did for thie difluoratinoalkanes. We do

have, however. suffit'tent 1.,l-YDNE, the ethane isomer, to mak. these tests

for comparison. •We will do this as well as run TIGER calculalions on the

1.1, 1 -FDNE.
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C. Experimental Work

Experim:ental work has been limited by the lack of explosives and

the lack of a test site. Both these problems are now corrected. The

tetryl explosive will be delivered in a few weeks, and the framing cam-

era necessary for our LVD gap studies is now in working order at our new

test site. All the materials have been prepared for testing. These in-

clude 1,1-DNEand l,l,1-FDNE. Since l-fluoro-1,1-dinitroethanol,a 2oa-

pound that we may want to test, can be obtained conmmercially, we will

not have to prepare it. With all systems prepared, we will have a very

full schedule this spring.

D). Pressure-Time Studies

We have recently begun studies of LI/I initiation and propagat ion

in which we monitor the pressure-time history of the liquid and container

walls. This work is a cont inuat ion of studies that were conducted for

AFOSR. In that program SHIt developed a method for studying the pressurc-

timee history fin tie liquid during LI/U. We hope to use t ills met hod to

studY 1. 1-USNE, EN, and other L%/U materials. This should give us anl esti

mats. of the pressure in th le1iquid1( and also indicate how t.he energy is

distributed between the walls and the liquidi. Our, initial studies in

con.)utnet ion viltth *he AFOst were only' a piartial success as thte wuv-ate

chosen did nnt undiergo LVI) because of excess solvent. This Will he cor-

rected onl the next shot.

This techn ique uses a mangan in gage Wiiose I'es stanoie Is a functito,,

of pressure. Bly moonitori ng thil. re~sist anve duiring shock i nit t at ion, we

can di~termine the pressure level in the liquid at atll phases of the I/I)

reactiton. Byvlocatitng these gages at vnraous; poi nts in thte tube, we c-an

ascertain hlow the pressure Varies along the tubte as Well as thle time his-

tory at any one point. Figure 23 depicts what a typival result might

look itke.



t
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FIGURE 23 TYPICAL PRESSURE-TIME HISSORY FOR SHOCKED LVD 0.IQUID
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E. Future Work

During the next peril, we will determine the LVD gap sensitivity of

l,1-DNE at various temperatures and the LVD gap sensitivity of 1,l,1-FDNE

at ambient temperature. In addition. we are planning to use 1,1-DNE ana

a plasticizer in our study of the pressure history of LVI) initiation and

propagation. Part of thiesý last studies will be completed in mid-April.

Mixtures of l,1-DNP and I,I-DNk will also be tested for LVI) to deter-

mine the composition that exhibits LVD.

Other fluorodinitro compounds will be tested if the results from the

l.,.1-FDNE studies prove interesting. These may include l-fluoro-1.1-

dinitroethanol since ce know from previous studies tnat Iluorodinitroethyl

Zormal (FEfV) is moderately sensitive to LVD. Since 1,I-DNE is fairly

insensitive to LVD, this series should make an interavsing comparison.
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IV STATIC HIGH-PRESSURE AND KINETIC EFFECTS (R. Shaw, P. S. DeCarli,

and D. S. Ross of SRI, and E. L. Lee and H. D. Stromberg of LLL)

A. Introduction

In our last report G we described our static high-pressure (SHP)

experimental technique and reported results for NM over a range of

pressures from I to 50 kbar. In this range there was a decrease in the

time to explosion with increasing pressure.

In this report we present data from SHlP experiments done both at

SRI and at LLL on four dlnltropropanes--l,l-1•4P, 1I,1I-FIU41P, 2,2-LpNP

and 1,2-DNP and discuss the problem of "high" Arrhenius parameters

obtained in these experiments. Finally, we present the final results

obtaired in the very lo-prssure pyrolysis (VU1P) experiments done oM

the same four dinitropropanes.

U. Static 111gh-Prssv", Experiments

These experiments are at a very interesting stage. particularly

when taken in comjunction wtth the shock initiation experimnt,

(Section II). Siner the last report we have completed cxpcriteaeis at

SRI on II-tMP at 1 end I0 kbar, and on 1.i,I-FUNII at 10 kber. At LtL,

experiments have been made (m 1.2-I1'P and 2.2-tlRP'l at 10 anq! 50 khar.

The results are give.n in Table V. Therval explosion times as a tunction

oif temperature for several dinitroalkanes at 10 ktmar .j"L, shoun in

Figure 24.
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•. F:IGURE 24 THERMAL EXPLOSION TIMES AS A FUNCTION OF

TEMPERATURE FOR SOME DINITROALKANES AT

10 kbar
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Table V

THERMAL EXPLOSION TIMES

OF DINITROALKANES AT STATIC HIGH PRESSURES

1 kbar 10 kbar 50 kbar

Explosion Explosion Explosion
Compound Lab Time TTime Time

(0C) (sec) ( 0 C) (sec) (0C) (sec)

l,2-DNP LLL 173 112 173 1

154 170 154 20

135 82

I.1-DNP SRI 184 >200 195t5 3

204 10 184*2 11

209 1 113t2 18.5

147+2 165

1,I,l-FDNP SRI 260 4

256 7

246 7

228 >300

2,2-4qPa LLL 309 4 345 11

270 15 316 18

270 26 316 22

248 30 302 20
235 90 283 50

25q 100

________ ___________ ____________ M9 120

Reference 12.
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The a-hydrogen effect found in measurements of smooth-shock re-

action times is again apparent. In Figure 24, the compounds clearly

fall into two sensitivity classes: 2,2-DNP and 1,1,1-FDNP, with no

a-hydrogens, are significantly less sensitive than 1,2- and 1,1-DNP,

%.hich have a-hydrogens. Moreover, within the latter pair, although the

data are a bit sparse, it would appear that 1,1-DNP is more sensitive

than 1,2-DNP.

The effect of pressure changes on the reaction times is apparent

from Table V, and displays another aspect of the a-hydrogen effect.

Thus for 2,2-DNP an increase in the pressure increases the time to

explosion, while for 1,2-DNP and 1,1-ONP a pressure increase decrepses

the time to explosion.

A puzzling feature of the results at 10 kbar with I,l,I-FDNP is

the very sharp increase in explosion time (from 7 sec to >300 sec) for

a small decrease in temperature (Figure 24). This result is very similar

to the behavior of nitromethane at I kbar discussed in the last report.r

During the current period we have given considerable thought to this

problem.

There is the question of how to derive Arrhenius parameters for

the global heat-releasing chemical reactions from the observed data--

thermal explosion times as a function of temperature. Following Zinn

and Hadet's treatment,i1 it is clear that one can not simply use the

slope of the (explosion-time/reciprocal-temperature) plot to obtain the

activation energy. The method of deriving Arrhenius parameters is more

complex than that, although there is a rough correlation in that :-e

steeper the explosion-time/reciprocal-temperature graph, the higher the

apparent activation energy. The details of the calculations are given

in a paper accepted for presentation at the Western States Spring Meeting

of the Combustion Institute to be held in S•attle 24-25 April 1972.
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Thle results of such a computation for nitromethane yield an activation

energy of 127 kcal/mole and the Arrhenius A-factor of 1040 sec-
1

.

The problem then is with the high"Arrhenius parameters. The term

F "high" is used because the activation energy of 127 kzal/mole is so

much greater than the strength of the weakest bonds D(CH3 -NO 2 ) = 60 kcal/

mole. Usually activation energies are equal to, or less than, the

strength of the weakest bond. A chain mechanism or catalyzed decomposition

will tend to reduce an activation energy below the bond strength.

Similarly, the A-factor is over twenty orders of magnitude higher than for

for a simple unimolecular or chain reaction.

"High" activation energies have been observed before. Maksimov'
4

and Rogers
1 5 

attributed "high" activation energies for decomposition of

explosives to melting. The theory is that organic solids decompose

faster in a molten state than as solids. So just below the melting

point, the explosive is solid and stable. The temperature is raised a

few degrees to the melting point, the explosive melts, and begins to

decompose rapidly. This big difference in rate over a few degrees

corresponds to a high activation energy. Unfortunately, the "high"

activation energy for nitromethane is obtained at I kbar where the range

is 340 to 380
0

C, and not at 10 kbar where the temperature is lower,

namely, 227 to 310'C. This is, the nitromethane ti much more likely

to be solid at 10 kbar than I kbar, since Rabinovitch and Gorbushenkov"4

have shown that the critical temperature of nitromethane is 315
0

C.

C. VLPP of Nitroalkunes (with Leonard Piszkiewic-)

We previously ,-ported the kinetic parameters for VUPP of several

dinitroalkanes. We have now completed a study of the products of de-

composition in VLPP fujr these same compounds. Together. these data

serve as a point of reference for future considerations of mechanisms
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Table VI

a
VLPP PRODUCTS FROM DINITROPROPANES

b Relative Yield
Compound P roducts (%)c (±5%)

2,2-)NP Acetone 55

2-Nit ropropene 45

1,1-DNP Propionaldehyde 20

trans-I-Nit ropropene 5

Vnknownd 50

Other minor products 5

e
l,l,1-FONP Propionyl fluoride sole product

1.2-DNP trans-l-Nitropropene 75

2-Nit ropropene 25

a Flow thrt,4gh reactor 101 -10"e molecules/sec.

b The product distributions were reasonably constant over the

range of decomposition studied.
C

The mats balances for II-DNP, 2,2-INP, and 1,2-MVP were

estimated to be 9W.. (see note ec)

The unknown was unstable; it. ethavior anti vpc retention time

suggest it to be nitroethylene.

The mass balance In this case was abhut 10(. The poor result

is due to the high volatility of proplonyl fluoride, which

results in a lo& trappipg efficiency In thexe experiments.
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of decomposition in the SliP region and complete our VLPP study of nitro-

alkanes. Results will be submitted for publication in the Journal of

the American Chemical Society.

The kinetic parameters for unimolecular decomposition of the four

dinitroalkanes examined in our earlier work
6 

are consistent with two

kinds of mechanisms: a cyclic 5-center elimination of HONO from 1,2-DNP

and C-N scission in the case of 1,1-DNP, 2,2-DNP, and 1,1,1-FDNP where

geminate substitution weakens the C-N bond.

Products from VLPP, shown in Table VI, support these conclusions.

'No processea are significant. First, for ,2-tDNP, the isolation

of the two nitroolefins indicates that, in agreement with the kinetic

results, the compounds behaves like a simple mononitroalkane and

eliminates HONO in a cyclic process.

?O1NOS .C--

The gem-dinitrocompounds, on the other hand, yield, in addition

to olefins, carbonyl compoundro. This result sugigestts that C-N sci•.sion

is the dominant mode of decomposition for tnese compounds in accord with

the results by Nazin at al.'
1

The carbonyl products can be explained by a mechantim including

initial C-N scission followed by intramolecular migration of oxygen

from N to C. In the case of II.i-Fi.P, this route apparently is the

only one followed. For 2,2- and IlI-IXS'P. however, the fouratlin of
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nitroolefin indicates that 8-scission is occuring. For 1,1-DNP

N0o
3 2~

NO2  NO 2

-,0 0

CHIH2 - CHCHC NO + 013012010
NO2  NO

•_ 0-H S~cission
: •CH3CH--•ý02 + H-

f3-C scission

-. Ot + 0t2 =C0NO2

The migration of 0 is reminiscent of F migration in the case of

the difluoroaminoalkane 2,2-DP.A However, while the rearrangement is

about 40 kcal/mole exothermic in the fluorine case, it is roughly thermo-

neutral in the oxygen case.

For l,l-MIP it was shown that the product distribution was essentially

unchanged for the three reactor exit apertures, or a change in wall

collisions by a factor of over 100. Thus the reactions we are seeing

are very likely true unimolecular reactions In the gas phase.

D. Future Work

Despite the unusually high kinetic parameters, the rc,,ults of the

SliP experiments are Interesting in teius of the chemistry they suggest

must be proceeding. The clear demonstration of an at-hydrcgen effect is

in accord with an initiation model in which either the act-forms of the

compounds are important to the detonation process, or, at the very least,

the transfer of the ct-hydrogen is a significant step.

A knowledge of the products formed in tile inittatitM period is

important as it would provide Rome insight into the critical molecular

processes during this period. Although the present experimenlal set-up
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is ideal for reaction time studies, attempts at product isolation have

been unsuccessful for a number of reasons, not the least of which is

the small sample volume of about 10 sjl. We plan to extend the current

SliP work by carrying out thermal experiments at pressures in the 1-10

kbar range, on samples on the order of 100 to 500 ".. The runs will be

made at generally lower temperatures than those used in the current work,

sc that detonation will nat occur and so that the intermediate products

formed during this initiation period can be isolated and identified.

The planned work will use a new high pressure apparatus currently

being assembled,and the details of the operation will be presented in

the next report. Briefly, however, samples of the nitro compounds will

be put into polyethylene or FEP "spaghetti" tubing and the ends heat

sealed. The pressure chamber, filled with hydraulic fluid, will be large

enough to accommodate one or more sample tubes. The sealed assembly

will be pressurized and then heated externally for some suitable period.

Then the sample tubes will be withdrawn and opened in a vacuum system

suitably coupled to a gas chromatograph. In this way all the products,

including any gases, will be isolated and identified.

S: J
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